Iron-sulfur clusters are ubiquitous electron transfer cofactors in hydrogenases. Their types and redox properties are important for H 2 catalysis, but, recently, their role in a protection mechanism against oxidative inactivation has also been recognized for a [4Fe-3S] cluster in O 2 -tolerant group 1 [NiFe] hydrogenases. This cluster, which is uniquely coordinated by six cysteines, is situated in the proximity of the catalytic [NiFe] site and exhibits unusual redox versatility. The [4Fe-3S] cluster in hydrogenase (Hase) I from Aquifex aeolicus performs two redox transitions within a very small potential range, forming a superoxidized state above +200 mV vs. standard hydrogen electrode (SHE). Crystallographic data has revealed that this state is stabilized by the coordination of one of the iron atoms to a backbone nitrogen. Thus, the proximal [4Fe-3S] cluster undergoes redox-dependent changes to serve multiple purposes beyond classical electron transfer. In this paper, we present fielddependent Recently, a subclass of O 2 -tolerant, membrane-bound hydrogenases (MBH) was recognized to possess an uncommon proximal iron-sulfur cluster with unique redox properties that enable a protection mechanism against oxidative inactivation of the [NiFe] site. Typical representatives of such hydrogenases are those from Aquifex aeolicus (3), Hydrogenovibrio marinus (4), Ralstonia eutropha (5), and Escherichia coli (6). Three independent crystal structure investigations (4, 5, 7) revealed that the proximal cluster in these enzymes is not a classical [4Fe-4S] but, instead, a [4Fe-3S] cluster with an unusual six-cysteine binding motif (CXCCX 94 CX 4 CX 28 C) that is unique for the subclass of O 2 -tolerant enzymes (8, 9) (SI Appendix, Fig. S1 ). Four of the six cysteine residues (C) coordinate the cluster in the usual manner as terminal ligands to the [4Fe-3S] core, whereas the sulfur (S − ) atom of one of the supernumerary cysteines (C) substitutes for an inorganic sulfide (S 2− ) in the cubane core, and the other serves as a second terminal ligand to one of the Fe atoms (4, 5, 7) (Fig. 1) . In contrast, the structures of the medial and distal iron-sulfur clusters and their arrangement relative to the [NiFe] site are almost identical to those of standard hydrogenases (1, 4, 5) .
Iron-sulfur clusters are ubiquitous electron transfer cofactors in hydrogenases. Their types and redox properties are important for H 2 catalysis, but, recently, their role in a protection mechanism against oxidative inactivation has also been recognized for a [4Fe-3S] cluster in O 2 -tolerant group 1 [NiFe] hydrogenases. This cluster, which is uniquely coordinated by six cysteines, is situated in the proximity of the catalytic [NiFe] site and exhibits unusual redox versatility. The [4Fe-3S] cluster in hydrogenase (Hase) I from Aquifex aeolicus performs two redox transitions within a very small potential range, forming a superoxidized state above +200 mV vs. standard hydrogen electrode (SHE). Crystallographic data has revealed that this state is stabilized by the coordination of one of the iron atoms to a backbone nitrogen. Thus, the proximal [4Fe-3S] cluster undergoes redox-dependent changes to serve multiple purposes beyond classical electron transfer. In this paper, we present fielddependent 57 Fe-Mössbauer and EPR data for Hase I, which, in conjunction with spectroscopically calibrated density functional theory (DFT) calculations, reveal the distribution of Fe valences and spincoupling schemes for the iron-sulfur clusters. The data demonstrate that the electronic structure of the [4Fe-3S] core in its three oxidation states closely resembles that of corresponding conventional [4Fe-4S] cubanes, albeit with distinct differences for some individual iron sites. The medial and distal iron-sulfur clusters have similar electronic properties as the corresponding cofactors in standard hydrogenases, although their redox potentials are higher. C atalysis of hydrogen conversion in [NiFe] hydrogenases relies on electron transfer between the active site and a chain of iron-sulfur clusters (1) . The most abundant components of such chains are low-potential tetranuclear [4Fe-4S] centers of the ferredoxin type (2) . In the so-called group I hydrogenases, such [4Fe-4S] clusters are found close to the active [NiFe] site and near the enzyme's surface (in the so-called proximal and distal positions, respectively) (1) . A third cluster in medial position, typically of the [3Fe-4S] type, completes the electron transfer pathway.
Recently, a subclass of O 2 -tolerant, membrane-bound hydrogenases (MBH) was recognized to possess an uncommon proximal iron-sulfur cluster with unique redox properties that enable a protection mechanism against oxidative inactivation of the [NiFe] site. Typical representatives of such hydrogenases are those from Aquifex aeolicus (3), Hydrogenovibrio marinus (4), Ralstonia eutropha (5), and Escherichia coli (6). Three independent crystal structure investigations (4, 5, 7) revealed that the proximal cluster in these enzymes is not a classical [4Fe-4S] but, instead, a [4Fe-3S] cluster with an unusual six-cysteine binding motif (CXCCX 94 CX 4 CX 28 C) that is unique for the subclass of O 2 -tolerant enzymes (8, 9) (SI Appendix, Fig. S1 ). Four of the six cysteine residues (C) coordinate the cluster in the usual manner as terminal ligands to the [4Fe-3S] core, whereas the sulfur (S − ) atom of one of the supernumerary cysteines (C) substitutes for an inorganic sulfide (S 2− ) in the cubane core, and the other serves as a second terminal ligand to one of the Fe atoms (4, 5, 7) (Fig. 1) . In contrast, the structures of the medial and distal iron-sulfur clusters and their arrangement relative to the [NiFe] site are almost identical to those of standard hydrogenases (1, 4, 5) .
Conventional [4Fe-4S] clusters perform either a single-electron 1+/2+ redox transition (in low-potential ferredoxins) or a 2+/3+ transition in high-potential iron-sulfur proteins (HiPIPs) (2) . Both forms share the same isoelectronic 2+ oxidation state with spin S = 0, albeit with some minor differences in structures and electron delocalization (10, 11) . In contrast, the proximal [4Fe-3S] cluster in hydrogenase (Hase) I from A. aeolicus can attain three redox states within a redox potential span of only 150 mV, two of which are paramagnetic with S = 1/2, as we could show by EPR-detected potentiometric titrations (3). Particularly, a superoxidized state, not known for low-potential [4Fe-4S] clusters (12) , manifests at high potentials (3). According to the crystal structure of H. marinus hydrogenase (4) and EPR-detected electrochemical titrations on A. aeolicus Hase I (3), this superoxidized [4Fe-3S] 5+ state is stabilized by structural changes arising from deprotonation of a backbone-nitrogen atom and concomitant nitrogen coordination to one of the Fe sites (3, 4) . Additionally, a glutamate group was found within bonding distance to the cluster (7) .
In this report, we present a detailed electronic structural investigation of the iron-sulfur cofactors in A. aeolicus Hase I based on EPR and applied-field Mössbauer spectroscopy in conjunction with quantum-chemical calculations. In particular, the proximal [4Fe-3S] cluster has been thoroughly examined based on the results of the crystallographic studies. Local properties of the Fe atoms involved in the redox-induced structural changes have been identified and their spin and charge distribution has been compared with that of conventional [4Fe-4S] clusters (13) (14) (15) in view of the crucial role of the [4Fe-3S] cluster toward O 2 -tolerance within this class of enzymes.
Results
Hase I from A. aeolicus grown on 57 Fe-enriched media (3) was treated with hydrogen, ascorbate, and porphyrexide or air to obtain fully reduced, oxidized, and superoxidized samples, as listed in Table 1 and SI Appendix, Table S1 . The redox states of the cofactors were assigned according to our previous titration data (3), whereby EPR measurements on aliquots of the Mössbauer samples were used to verify the spin counts of the (paramagnetic) cofactors and EPR silence of the [4Fe-3S] 4+ cluster in the ascorbate-treated sample (SI Appendix, Fig. S2 ).
The UV-visible spectra of superoxidized Hase I prepared in air show broad bands around 400 nm, arising from S-to-Fe charge transfer transitions (16) (19) (20) (21) (22) . This is not completely unexpected, because the 4Fe cores are formally isoelectronic and the modified [4Fe-3S] cores differ from classical cubanes only by an inorganic S 2− ligand. Although the cluster oxidation numbers are no observables, they can be substantiated from electric and magnetic Mössbauer hyperfine interactions, probing the local oxidation and spin states of the metal ions.
Electric Mössbauer Parameters and Valence States. Mössbauer spectra were measured with reduced, oxidized, and superoxidized samples of Hase I. The zero-field spectra recorded at 160 K could be decomposed in a number of quadrupole doublets without paramagnetic broadening because of fast-spin relaxation ( Fig. 2 and SI Appendix, Tables S2-S4). Five or six distinct subspectra could be identified that arise from [NiFe] and distinct groups of the 11 iron sites within the valence-delocalized FeS cofactors. Primarily, we used three subspectra with constrained relative intensities for the iron sites, which have the formal oxidation states "Fe 2+ ," "Fe 2.5+ ," and "Fe 3+ " (a detailed list of formal valences is found in SI Appendix, Table S1 ). In addition, a subspectrum with 8% intensity was adopted for the low-spin Fe(II) site in the [NiFe] cluster (1/12 of the total iron content).
Moreover, a unique feature of the Hase I spectra in all three different preparations are resolved lines at the wings of the absorptions, which reveal an additional special subspectrum (S) with moderate isomer shift but, remarkably large quadrupole splitting (δ/jΔE Q j = 0.51/2.61 mm·s , and 0.46/ 2.42 mm·s −1 for reduced, oxidized, and superoxidized samples). Its relative intensity, ∼7.3-8.6%, accounts for a fully occupied, genuine iron site. Because this subspectrum was not observed for standard hydrogenases (23) (24) (25) (although the distal cluster has an uncommon histidine-coordinated iron corner), we assign it to the modified [4Fe-3S] cluster, present only in O 2 -tolerant hydrogenases. This is corroborated by the applied-field spectra given below, because such a large quadrupole splitting could be assigned neither to a part of the diamagnetic distal cluster in oxidized samples nor to the integer-spin S = 2 component of the medial 3Fe cluster.
In addition to the five subspectra introduced so far (Fe , Fe 3+ , special site "S," and Fe(II) low-spin), we had to add a sixth subspectrum with markedly larger isomer shift (δ/ΔE Q = 0.72/ 1.56 mm·s −1 ) to account for a second distinct site with rather localized ferrous character, occurring only in the spectrum of the H 2 -reduced enzyme (Fig. 2 ). This component (F) was also required for consistent simulation of the magnetic Mössbauer spectra and was likewise attributed to a site of the reduced [4Fe-3S] 3+ cluster (see below). In summary, the zero-field Mössbauer spectra of Hase I obtained under three different redox conditions could be well simulated by using a scheme of subspectra for one 3Fe and two 4Fe clusters, of which the proximal [4Fe-3S] cluster can be superoxidized and occur in three oxidation states. 
Cluster oxidation numbers are obtained from the spectroscopically derived oxidation numbers of Fe with the core sulfides taken in their closed shell form (S 2− ). *Fully reduced with H 2 gas. † Partially reduced with ascorbate (SI Appendix). ‡ Full superoxidation with porphyrexide; alternative preparation in air yields ∼20% contamination with the proximal [4Fe-3S] 4+ cluster, accounted for in Mössbauer simulations. increase of ferric character in the series is reflected in the Mössbauer subspectra by a decrease of the average isomer shifts (<δ> [4Fe-3S] = 0.52, 0.43, 0.36 mm·s −1 ).
Magnetic Mössbauer Spectra and Spin Distribution. Applied-field Mössbauer spectra of fully reduced and superoxidized Hase I recorded at 4.2, 80, and 160 K are shown in Fig. 3 . Since the magnetic spectra exhibit higher site selectivity than the zero-field spectra, not least because the signs of electric field gradients (efg) and induced internal fields can be resolved from the field dependence of the spectra (24) (25) (26) , separate subspectra had to be introduced for all 12 iron sites. To this end, the five to six collective subspectra introduced above for the different classes of mixedvalence irons sites seen in the zero-field spectra were broken up into their cluster contributions (SI Appendix, Tables S2-S4 ).
For the sake of clarity, we present the result in four collective subspectra corresponding to the three FeS clusters and the [NiFe] center. Spin relaxation was found to be slow for the paramagnetic centers at 4.2 K and fast at 80 and 160 K, which means that the internal fields virtually average to zero at the high temperatures. The condition is valuable for assigning efg parameters, i.e., the sign of ΔE Q and the asymmetry parameter η. The zero-field values of δ and ΔE Q were taken in this program as starting points and valuable constraints for global optimization of the magnetic spectra (allowing for only the usual temperature variations).
In contrast, the large magnetic splitting observed at 4.2 K indicates strong internal fields at some iron nuclei attributable to strong magnetic hyperfine coupling with static spin expectation values, B
. The temperature and field dependence of the hyperfine coupling could be simulated well with <S * i > values derived from the usual spin Hamiltonian for clusters with strong intrinsic spin coupling (SI Appendix). However, weak isotropic coupling between the proximal cluster, Ni-B, and the medial cluster had to be introduced with J values up to ∼0.02 cm −1 for the superoxidized enzyme. This coupling, which causes reduction of magnetic splittings at weak fields, was established first by X-and W-band EPR studies (SI Appendix, Figs. S4 and S5 and Table S5 ) (3) .
The signs of the local magnetic hyperfine coupling constants found for the 57 Fe-nuclei are consistent with the usual spin distribution known for 3Fe and 4Fe clusters in their different magnetic ground states and spin-coupling schemes (a survey is given in SI Appendix, Table S1 ). Iron sites with majority spin density (↓) have negative A tensors with respect to the cluster spin, whereas minority spin sites (↑) have positive A-values (26) . Interestingly, the classical spin-distribution pattern also holds for the proximal [4Fe-3S] cluster, which, in this respect, resembles its isoelectronic unmodified analogs.
In the H 2 -reduced enzyme, all iron-sulfur centers are paramagnetic and exhibit appreciable hyperfine splitting at 4.2 K (Fig. 3A) -Fe 2.5+ with subspin (S* = 9/2) and a ferrous pair with (S* = 4) (14, 15) . Accordingly, the spin minority ferrous pair has positive hyperfine parameters A, whereas the Fe 2.5+ -Fe 2.5+ pair has negative A values (SI Appendix, Table S6 ). Although the distal cluster is known to have a modified Fe subsite with a fifth N e nitrogen ligand from a histidine (1, 4, 5, 7), the spectra do not exhibit unusually large δ or ΔE Q . Similar to previous studies on [NiFe] hydrogenases (23) (24) (25) , the effect may be small and not resolved in the present spectra.
The medial [3Fe-4S] 0 cluster (light green, Fig. 3A ) was simulated with S = 2, arising from antiferromagnetic coupling of a delocalized mixed-valence Fe (27) , except that site (F) has relatively large A values, in accordance with a rather localized ferrous valence (δ = 0.72 mm·s ) and relatively low covalency (SI Appendix, Table S6 ). In superoxidized Hase I, the medial and proximal FeS clusters are paramagnetic (Table 1) , whereas the distal [4Fe-4S]
2+ cluster is diamagnetic and shows only weak magnetic splitting from the external magnetic field (blue trace in Fig. 3B) . Likewise, the ferrous low-spin site of the [NiFe] center has a vanishing hyperfine field (orange trace; Fig. 3B ), which shows that covalently transferred spin density from nickel is negligible. In contrast, the [3Fe-4S] 1+ cluster is an all-ferric center with S = 1/2 and small g anisotropy arising from spin frustration (23, 28, 29) . This is seen from the moderately strong overall splitting in the magnetic Mössbauer spectrum (light green trace; Fig. 3B ). The A values are characteristic of three-iron sulfur clusters as found previously, with one of the A tensors being characteristically small (SI Appendix, Table S7 ) (23) . The proximal cluster in its superoxidized state is oxidized by two electrons more than in the H 2 -reduced enzyme. Paramagnetism of the resulting [4Fe-3S] 5+ state is supported by the magnetic splitting in the field-dependent Mössbauer spectra. However, predicting a spin-coupling scheme is difficult because of the irregular structure of the cluster (Fig. 1B) , which lacks a direct bridge between Fe2 and Fe4. We adopted the general pattern of all mixed-valence four-Fe clusters, that pairs of irons harbor minority and majority spin populations (positive and negative A values). The best fits performed with this assumption required that the special subspectrum (S) with the largest quadrupole splitting (δ/ΔE Q = 0.46/2.45 mm·s −1 ) and a site with small isomer shift (0.28 mm·s −1 ) have positive A values. This appears to be formally consistent with the presence of a mixedvalence localized pair (S* = 9/2), antiparallel coupled to a ferric pair (2× S = 5/2), as recently proposed by a theoretical/crystallographic study (7) . However, the assignment of subspectra to iron sites, obtained from density functional theory (DFT) calculations, rules out this simple scheme, as is discussed below.
Electronic Structure Calculations. Detailed interpretation of the Mössbauer data were obtained from DFT calculations of the electronic structure of the proximal [4Fe-3S] cluster in all three oxidation states. To this end, cluster models have been constructed on the basis of the crystal structures reported for the membrane-bound hydrogenases of H. marinus and R. eutropha (4, 5) . Constrained optimizations have been performed with C-α carbons of coordinating amino acids fixed to their crystallographic positions (SI Appendix, Fig. S8 ). Potential binding of Glu 82 to Fe2 and its protonation state has been probed systematically. In general, all possible broken-symmetry (BS) solutions have been calculated for each structure. The Mössbauer parameters for each of the four iron sites have been used as criteria for the selection of the best BS solution (isomer shift δ, quadrupole splitting ΔE Q with sign, asymmetry parameter η of the efg, and the sign of the isotropic A value, A iso ). Calculations were carried out with standard functionals (SI Appendix) without adjustments of fractional Hartree-Fock exchange or other ad hoc modifications. The agreement between calculated and experimental metric details, as well as Mössbauer spectroscopic parameters is reasonable (Table 2 and SI Appendix, Tables S8-S14). Calculated anisotropic A tensors and relations of the efg-and A-tensor axes is found in SI Appendix, Table S15 .
Based on the ΔE Q values alone, the best BS solution for the superoxidized cluster is labeled Ox2_14 (SI Appendix, Table S9 , spin populations of Fe1 and Fe4 flipped) and corresponds to BS13 in ref. 7 . However, this solution does not properly reproduce the experimental δ values or the sign of the A values, of which the latter reveals a basically wrong spin-coupling scheme. Instead, our best solution, which is found within 4 kcal/mol of the energy minimum, has the spin populations of Fe2 and Fe4 flipped (Ox2_24), yielding proper values for δ, ΔE Q , η, and the A values. In both cases, Glu 82 is required to be unprotonated. On the basis of the calculations, the special subspectrum (S) of the superoxidized [4Fe-3S] 5+ cluster with the large quadrupole splitting (ΔE Q = 2.45 mm·s −1 ) is assigned to the nitrogen-coordinated Fe2. This agrees with chemical intuition, where a large efg is expected because of the anisotropic covalency that results from asymmetric coordination with a unique, short N bond (4). The result is in contrast to the assignment of subspectrum (S) to Fe1 (7), which has quasitetrahedral symmetry. Note that our suggested spin distribution (αβαβ spin alignment for Fe1, Fe2, Fe3, Fe4, respectively) does not correspond to a standard coupling scheme observed for iron-sulfur clusters. The standard spin-coupling scheme involving a delocalized mixed-valence pair and two "ferric" ions of the type [2Fe 2.5+ , 2Fe 3+ ] does not apply because Fe2 and Fe4 with minority spin cannot form a strongly coupled mixed-valence pair with S* = 9/2 since they are not connected by bridges that would transmit strong intersite coupling. Consequently, the total spin S = 1/2 cannot arise from simple antiparallel coupling of S* = 9/2 to two ferric sites with S = 5/2 each. Weak bonding interactions found in the DFT model, by contrast, indicate that Fe1 and Fe3 may be regarded as the valence-delocalized "Fe 2+ /Fe 3+ " pair (Mayer bond order 0.6, SI Appendix, Fig. S9 ). This makes it more difficult to explain why the remaining ferric sites do not determine the majority spin. Apparently, the asymmetric topology of the [4Fe-3S] 5+ cluster leads to a more complex spin-density distribution pattern compared with standard cubanes, such that the resulting charge and spin distribution is energetically more favorable than in HiPIP clusters, as can be suspected on the basis of the redox potentials.
Selection of the best BS solution for the reduced [4Fe-3S]
3+
cluster is less clear cut than for the superoxidized state because several solutions exist (SI Appendix, Table S10 ). Importantly, all reasonable choices imply that Glu 82 is unprotonated. This raises some concerns with respect to its suspected role as a base (7). Our best result (Red2_24) shows the spin populations on Fe2 and Fe4 to be flipped. Based on this solution, Fe4 and Fe1 are Tables S6 and S7 . † The efg tensor has two components of similar size but different sign because of the large asymmetry parameter η close to 1. For details of tensor orientations with respect to the magnetic axes see SI Appendix.
assigned to the special subspectra (S) and (F) found for the reduced proximal cluster, i.e., those with largest ΔE Q and highest δ, respectively (Table 2) . Interestingly, the iron site with the largest quadrupole splitting (subspectrum S) has changed from Fe2 in the superoxidized structure to Fe4 in the reduced structure, in which Fe4 has the unusual two-cysteine coordination in an otherwise rather cuboidal cluster. Unlike for the superoxidized case, the optimized structure for Red2_24 forms a tightly closed cubane with a long Fe4-S-Cys 25 separation. The spin distribution obtained from the calculations, in agreement with the experimental A values, is best explained by the presence of a mixedvalence pair (Fe1 and Fe3) and two ferrous sites (Fe2 and Fe4), which render the special subspectrum (F) with the highest isomer shift part of the mixed-valence pair.
Discussion
Tetranuclear iron-sulfur centers are common in biology, exhibiting great diversity in binding motifs, redox properties, and catalytic roles (2, 15, 21, 30) . The proximal [4Fe-3S] cluster found in Hase I from A. aeolicus and other organisms (4, 5, 7) differs from these conventional cubanes by having a distorted core structure, as well as a unique six-cysteine coordination mode, common for all group I O 2 -tolerant hydrogenases (9) . Magnetic Mössbauer data presented in this study, in conjunction with our previous EPR results, substantiate the notion that the [4Fe-3S] cluster can attain three redox states with formal charges 5+, 4+, and 3+, which are isoelectronic to the 3+, 2+, and 1+ states of conventional [4Fe-4S] clusters (SI Appendix, Table S1 ). The oxidation numbers in this formal concept are obtained from spectroscopically probed oxidation states of the iron atoms with the inorganic sulfur ligands taken in their usual closed shell configuration (S cluster shares the pattern of a mixed-valence and a diferrous pair with the reduced cubanes in bacterial ferredoxins (14, 15) . Consistent with these extreme oxidation states, the [4Fe-3S] 4+ state appears to be well described by two mixed-valence pairs.
The Mössbauer spectra of the proximal [4Fe-3S] center exhibit throughout a particular subspectrum (S) with large quadrupole splitting, which indicates unusual coordination of a distinct Fe site (31) in all three oxidation states. Although analogous subspectra are known for [4Fe-4S] clusters participating in chemical reactions, site-differentiated Fe atoms with partially trapped valences are usually observed only in one of the two accessible redox states. The perturbations are mostly associated with substrate binding (30) and arise from five-coordination or otherwise perturbed protein ligation (31) . Interestingly, the majority of "perturbed" clusters show signs of a "special" Fe subsite only in their diamagnetic [4Fe-4S] 2+ state. Some notable examples are alkylated ferredoxin:thioredoxin reductase (NEM-FTR) (19) , the CCG cluster in succinate:quinone oxidoreductase (SQR) (21), the S-adenosyl methionine (SAM) bound cluster in pyruvate formate lyase (PFL) (30) , and the cluster in the LytB protein from E. coli (32) . Although the presence of trapped-valence sites disturbs the spin-dependent delocalization (33), the diamagnetic state (S = 0) of these clusters and of the [4Fe-3S] 4+ cluster in A. aeolicus is most likely stabilized through vibroniccoupling and/or unequal J-coupling constants.
Spectroscopy-oriented quantum chemical calculations provided a detailed description of the electronic structure of the [4Fe-3S] cluster and correlated the spin and valence distribution derived from EPR and Mössbauer spectra to the recently reported crystallographic data (4, 5, 7) . In particular, it could be shown that the unusual Mössbauer subspectra (S) and (F) found for the H 2 -reduced state of the [4Fe-3S] cluster can be assigned to Fe4 and Fe1, respectively. Whereas three Fe sites in the reduced structure retain quasitetrahedral FeS 4 coordination, Fe4 is unusual in that it is ligated by two terminal cysteine ligands and comes out of the core of the pseudocube (Fig. 1) , which predestines it as the special site (S) with large quadrupole splitting, corroborated by the calculation.
In contrast, the most unusual site in the superoxidized structure is Fe2. Accordingly, the DFT calculations clearly assign (S) to that iron, although this may have essentially ferric character (if Fe1-Fe3 is regarded as mixed-valence pair). Although ferric compounds are typically characterized by small ΔE Q because of the vanishing valence contribution of the 3d 5 configuration to the efg, large ΔE Q are encountered for such a site if charge asymmetry is caused by a strongly covalent bond, such as with oxoligands, for example (34, 35) . Thus, the DFT result that Fe2 provides subspectrum (S) in the [4Fe-3S] 5+ cluster agrees with the crystallographic data, which show that superoxidation is accompanied by deprotonation of a backbone amide nitrogen of the tandem CC motif and nitrogen coordination to Fe2, forming a tight nitrogen bond (209 pm). The recent crystal structure and theoretical study for the E. coli Hyd-1 hydrogenase has shown that Fe2 may be five-coordinate with a nearby deprotonated glutamate. Our DFT results support this interpretation, particularly for the superoxidized state, because the interpretation of the Mössbauer data appears to be very difficult on the basis of a different model.
We note in passing that the spectroscopic properties of the other clusters, i.e., the medial [3Fe-4S] and the distal [4Fe-4S] centers, are in the range of those reported for other hydrogenases (23) (24) (25) , which is in agreement with the preserved structural features (4, 5) .
Superoxidation of the proximal [4Fe-3S] 4+ cluster to the 5+ state, stabilized by deprotonation and binding of the amide nitrogen of the CC tandem motif and the incorporation of the nitrogen as a ligand to Fe2, is comparable to that of the P cluster in the A. vinelandii nitrogenase upon its two-electron oxidation from the native (P N ) to the oxidized state (P OX ) (35) . In this step, one of the Fe loses a sulfide bond and binds to the backbone amide nitrogen of an S γ -coordinated cysteine group. In addition, a second Fe coordinates to the O γ atom of a serine, thereby avoiding disruption of the cluster. A second case of a backbone nitrogen coordinating a Fe atom is that of nitrile dehydratase (36) . Notably, nitrile dehydratase also yields a large ΔE Q (37), however, as expected for ferric low-spin ions.
The presence of supernumerary cysteines in the coordination sphere of the [4Fe-3S] cluster appears to be essential for its ability to trigger deprotonation and binding of a peptide amide nitrogen to tune its electronic properties for two redox transitions within 150 mV (3). Exchange of the two "additional" cysteines, Cys 25 and Cys 126 , in R. eutropha MBH, with the usual glycine residues found in standard hydrogenases, has shown that the [4Fe-3S] cluster may be involved in a protection mechanism against inactivation of the (Fig. 1) . It is tempting to assume that electron transfer proceeds via covalent bonds from this cysteine to the active site. (3) . Electrontransfer rates are proportional to the magnitude of the exchange interaction and this significant difference in J values could affect these rates (38) .
The [4Fe-3S] cluster uses surplus-cysteine ligation to stabilize two redox couples unprecedented in biological [4Fe-4S] cubanes.
Our Mössbauer and DFT results show a distribution of Fe valences and local spin populations that basically resemble those of classical cubanes, especially in lower oxidation states. In detail, however, the electronic properties of the sites participating in the chemistry are distinct, particularly in the superoxidized state. The redox transitions are clearly metal-centered. Due to its proximity to the [NiFe] center, the proximal [4Fe-3S] cluster has in fact been discussed in the past as being, to some degree, part of the catalytic core of the enzyme (39) . Therefore, considering its very positive redox potential and its appreciable electronic coupling to the [NiFe] site, it is not surprising that the [4Fe-3S] cofactor is able to perform at least two functions through redox-dependent structural changes; to mediate catalytic electron transfer and to serve as an electron reservoir for the efficient reductive removal of O 2 .
Materials and Methods
The enzyme Hase I was isolated under semianaerobic conditions from the hyperthermophile Aquifex aeolicus grown in 57 Fe enriched media. The theoretical methods are cited in the text. Details of the experimental procedures, and spectroscopic and theoretical descriptions, including sequence alignments and EPR and Mössbauer spectra, as well as tables with simulation parameters and DFT calculations are available in SI Appendix.
